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Abstract

Aurivillius SrBi,Ta;0q (SBT) ceramics were prepared by applying the conventional solid state reaction method. The grain structure and
stoichiometry were investigated with the use of a scanning electron microscope with an energy dispersion X-ray spectrometer (EDS). The X-ray
diffraction studies revealed an orthorhombic structure with lattice parameters a=5.486 A, h=5.497 A and ¢=24.91 A in the SBT. Dielectric
properties were determined by impedance spectroscopy measurements. It was found that a strong low-frequency dielectric dispersion was present
in this material. Its occurrence was ascribed to the presence of ionized space charge carriers such as oxygen vacancies. Dielectric relaxation was
defined on the basis of an equivalent circuit. The temperature dependence of various electrical properties is described and discussed. The thermal
activation energy for the grain electric conductivity was lower in the high temperature region (7 > 328.5 °C, E,_;,=0.23 eV) and higher in the
low-temperature region (7 < 328.5 °C, E,_;,=0.78 eV). Moreover local conductivity measurements were performed with the use of the local

conductive atomic force microscope method.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Bismuth layered structured ferroelectrics (BLSFs), particu-
larly SrBi,Ta;Oy (SBT), SrBi,Nb,Og (SBN) and their solid
solution SrBi,(Nb;_,Ta,),0O9 (SBNT), have attracted consider-
able scientific attention due to their fatigue-free properties that
make them potentially suitable candidates for application in the
FE-RAM [1]. Among these materials SBT exhibits both very
good fatigue endurance as well as low switching voltage [2].
The layered structure of SBT allows for the interchange of Sr
and Bi ions within the crystal lattice [3] which in consequence
could lead to the local electrical heterogeneities as in the case
of SBN [4]. Such heterogeneities could affect the ferroelectric
properties as well as fatigue endurance. Therefore it is
important to get a better insight into the electrical properties
of SBT since they are not clear as yet.

In our recent works [4,5] we noticed a change in the activa-
tion energy of dc conductivity which was neither related to the
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ferroelectric phase transition in SBN nor SrBi,(Nbg 5Tag 5)>0o,
(SBNT 50/50). This change was ascribed to the existence of
easy conductive paths. Their presence in SBN was first
postulated by Palanduz et al. [6] and then observed for the
first time by the authors in this material with the use of the
local conductive atomic force microscopy (LC-AFM techni-
que) [4]. The existence of such paths is possible since the
cation exchange mentioned above may lead to a local forma-
tion of the Bi,O3;—SrO double system within the crystallites.
This system was widely investigated [7,8] and described as a
good ionic conductor provided an adequate ratio of Sr-Bi is
achieved and a proper number of oxygen vacancies is created.
It is also worth stressing that oxygen vacancies are of
significant importance in ferroelectric materials [9] since they
can influence ferroelectric properties as well as play the role of
nucleation centers.

On dealing with the Aurivillius phases such as SBN or SBT,
where the cation exchange is possible, it is crucial that the
mentioned heterogeneities should be taken into account.
Several attempts have been made to understand the electrical
behavior of SBT ceramics [9,10], however none of them have
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considered these heterogeneities. Therefore, a consistent model
of electrical conductivity in the SBN-SBT system has to be
proposed.

The aim of this work is to present a consistent impedance
analysis of SBT ceramics on the basis of the analysis given in
the previous paper [4,5] as well as the local conductivity
measurements which allow us to assign physical meaning to
the equivalent electrical circuit elements. The other objective
of this work is to propose a consistent model of electrical
conductivity in SBN-SBT system.

2. Material and methods

The SrBi,Ta,Oy ceramics were prepared by a standard
mixed oxide method. The starting raw materials SrCOs;,
Bi,05 and Ta,0s5 (all from Aldrich) were weighed and mixed
together for 24 h. The mixtures were pressed into pellets and
then sintered for 2 h at 950 °C inside a closed double crucible.
The obtained substances were crushed, milled in a ball mill
and sieved. The received powders were pressed again into
pellets and sintered for 2 h at 1150 °C.

The grain structure and distribution of all components
throughout the grains were examined by a SEM, JSM-5410,
with an energy dispersion X-ray spectrometer (EDS) by
Oxford Instruments. The crystal structure was analyzed by
the X-ray diffraction (XRD, STADI diffractometer, Cu-K,
radiation). The density of the investigated ceramics was
determined by the Archimedes displacement method with
distilled water.

The obtained ceramics were used to measure the real (G)
and the imaginary (B) parts of admittance (Y") as a function of
frequency of the measuring field at a constant temperature in
the frequency range from 5 Hz to 1 MHz. An automated
measuring system with HP 4192A impedance analyzer was
applied to measure and record G and B. All the ceramic pellets
were polished to obtain flat and parallel surfaces and for
electrical measurements their thickness was of about 0.5 mm.
The samples were coated with silver electrodes using a silver
paste without thermal treatment and de-aged at 500 °C for
10 min prior to measurements. Local conductivity measure-
ments were performed with the use of an atomic force
microscope-Jeol 4210 with a conductive cantilever. The
metallographic specimen was applied for this measurement.

3. Theory

In our studies on SBN [4] and SBNT 50/50 [5] we proposed
and applied the same mechanism of electrical conductivity.
The mechanism was strictly connected with the existence of
the SrO-Bi,03 double system within those materials. Since the
model does not include Nb or Ta ions, it is possible that it will
apply to SBT ceramics as well. To check it we need to
compare impedance spectra of SBT with the theoretical
response of the postulated electrical equivalent circuit for
SBN and SBT 50/50.

The equivalent circuit for SBN and SBNT 50/50 ceramics
consists of two branches in the series (Fig. 1). The first branch
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Fig. 1. Electrical equivalent circuit for the SBT ceramics.

represents intragranular properties and takes into account the
dielectric as well as electric conductivity relaxations. The
second branch corresponds to the grain boundary and
electrode-interface effects, where R,, and CPE,, (Constant
Phase Element) are parallel. Thus, the complex impedance (Z*)
in the case of such a circuit is expressed by the following
equation:

Zw)=Z; + Z3, (1)
where
R
Z;= — —; )
1 4 CoRgjo + AoRy(jo)
and
Rgp
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gb 1+BoRng'w)’" ( )

Ap, By, n and m are the temperature dependent parameters,
j=+/—1 and o represent the angular frequency of the
measuring field. Parameters n and m characterize the coupling
between the charge carriers taking part in the polarization
process-the lower the value, the stronger the ion—ion coupling
[11]. The Ag and B, parameters describe the contribution of the
mechanism linking the universal Jonscher law to polarizability.
To calculate all parameters, the fitting should be performed by
using the complex nonlinear least-squares fitting [12] of both real
and imaginary parts of the complex impedance (Egs. (1)-(3)).
Since we are interested in the electrical response of grains'
interior, our further theoretical considerations will focus on the
grain branch of the equivalent circuit.

From the equation

c* 1
e e )
Co JjoCoZ

where C” is the complex capacitance and C, is the capacitance
of the empty cell as well as from Eq. (2), one can calculate the
normalized complex capacitance of grains

c* ¢ ¢ G

cw=cia=at One | AolD)

JoCo  Co
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where Gpc=1/R, and C, is the high frequency capacity of the
grains' interior calculated from the equivalent circuit.
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Hence the real (C'/Cy) and imaginary (C''/Cy) part can be
calculated from the formulas

C' Cy AT ., (n(T)m (1)-1

- _ s A Satdl P 6
Co = Co + o sin 5 w 6)
C"  Gpc | Ao(T) n(T)n (T)-1

= TPC — " 7
Co C()Co C() cos 2 @ ( )

In the presented model the second part of Egs. (6) and (7)
describes the contribution of space charge carriers to the
observed normalized capacitance of the sample. The first part
of Eq. (7) gives the dc electric conductivity contribution to
dielectric losses. Egs. (6) and (7) allow to describe C'/C, and
C"ICy both as a function of frequency and temperature. For
low frequencies the second part of Eq. (6) responsible for the
contribution of space charge carriers should become dominant
whereas the contribution from C/Cy should be negligible.
Hence for constant n, the Eq. (6) should give a linear
characteristic with a slope n—1 in C/Cy(w) on the log-log
scale. The behavior of the imaginary part of the normalized
capacitance in the low frequency region as well as in the high
temperature should be explained by Eq. (7). In such conditions
the dc electric conductivity contribution should be dominant and
the slope of C"/Cy(w) in log—log scale should be equal to —1.

In the chosen model, it is noteworthy that a change in the
activation energy on the InGpc(1/T) plot also occurs at a
temperature which is not associated with the para- to ferro-
electric phase transition. An increase of temperature should
result in the lowering of the activation energy which is related
to the phase transition occurring in the Bi,O3—SrO double
system [4,5,7,8,13] at about 300 °C.

4. Results and discussion
4.1. SEM and composition analysis
The observation of the microstructure of SBT ceramics

revealed that the grains exhibited a plate-like shape with
random orientation (Fig. 2). This is one of the characteristics

Fig. 2. SEM image of the free growth surface of the SBT specimen.

of bismuth layered structured ferroelectrics. The plate thick-
ness in the studied ceramics was of about 1 pm.

The homogeneous distribution of individual elements, apart
from oxygen, within the grains of the ceramics was proved
with the use of EDS. Moreover, the quantitative microanalysis
performed by implementing the SEMQuant programs elabo-
rated by Oxford Instruments showed that all samples had a
stoichiometry close to the nominal one. The analysis of the
amount of oxygen was conducted by the heat extraction
method in helium atmosphere together with infrared spectroscopy.
The concentration of oxygen was about 13.76 +0.14 mass%,
which is less than the theoretical value of 14.24 mass%. Therefore,
the existence of oxygen vacancies in the crystal lattice should be
considered.

4.2. XRD analysis and density

The XRD patterns of SBT ceramics obtained at room
temperature are shown in Fig. 3. The SBT sample exhibits
an Aurivillius structure with no other phase present. We have
confirmed the structure of our ceramics by fully indexing the
observed peaks of the XRD spectrum according to the A2,am
symmetry. The a and b lattice constants were determined with
an error of + 0.002 A and their values equaled 5.486 A and
5.497 A, respectively. The c lattice constant was equal to about
24.91 +0.01 A.

The calculations of the theoretical density were performed
for comparison with the results obtained by the Archimedes
method. The experimental density (6.7 g/cm?) is about 93% of
the theoretical one (7.25 g/cm3) calculated from the XRD
measurements. This difference is caused predominantly
by pores.

4.3. Dielectric measurements

In Fig. 4 the real (Fig. 4a) and imaginary (Fig. 4b) parts of
the normalized capacitance are presented as the function of
frequency. In both cases, strong dispersion could be observed
in the low-frequency range. With the decrease of temperature,
a drop in dispersion was noticed. Dispersion exhibits linear
changes on the log-log scale in the case of the normalized
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Fig. 3. Part of the diffraction patterns obtained at the room temperature of the
SrBi,Ta,0g ceramics.
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Fig. 4. The variations of real (a) and imaginary (b) part of normalized
capacitance as a function of frequency at chosen temperatures.

C'/Cy and C'/Cy. In the second case the slope was equal to
about —1 (Fig. 4b). This suggests a strong coupling between
the space charge carriers and the capacitance of the investi-
gated samples. This effect fits the presented model of the
electrical conductivity for these ceramics.

The obtained data of real part of admittance (G) were plotted as
a function of frequency (Fig. 5). It allowed us to check the
contribution of dc conductivity to the overall electrical response of
the sample and to determine whether the changes of conductivity
can be described by the universal Jonscher law. It can be seen that
the plateau of conductivity, i.e. the frequency independent values
of conductivity, corresponding to the dc conductivity, was
observed in the low frequency region at high temperatures. In
the higher frequency region, a strong dispersion of electric
conductivity was noted and the changes of G(f) in this region
can be described as proportional to f”, where f is the frequency of
the measuring field and n is the parameter depending on
temperature. The character of these changes does not depend on
temperature. Nevertheless with the increase in temperature, it was
noted that the range of frequency where the dispersion occurs
moves to higher frequencies. Therefore it can be seen that the high
frequency region can be described well by the universal Jonscher
law. The same tendency was observed for SBN and for SBNT
50/50. It was also found that ac conductivity values decrease
strongly with temperature below 330 °C in the whole frequency
range. Such a big change in conductivity cannot be the effect of the
para-to ferroelectric phase transition in SBT since it occurs at about
308 °C [14].
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Fig. 5. Frequency dependence of real part of ac conductivity at various
temperatures.

L I L I ' 1
-6.0x10° | -
_ 4.0x10° AT = 40°C -
<
Ry | T =460°C
T =260°C
-2.0x10° N
0.0 ! !
0.0 2.0x10° 4.0x10° 6.0x10°
Z'[Q]

Fig. 6. Complex impedance plots at different temperatures.

From these observations it results that the electrical response
of the sample fulfils the main assumptions of the proposed
electrical equivalent circuit. To check whether the circuit fits
the obtained response, a complex plot between the real and
imaginary parts of impedance was drawn for selected tem-
peratures. It is presented in Fig. 6. The obtained curves are
neither semicircles nor circular arcs. In the high frequency
region the Debye behavior was obeyed, where the angle
between the tangent of the arc and the real axis was 90 °.
Whereas in the part of the arc where f— 0 the angle was less
than 90 ° and temperature dependent. Such behavior was
observed in SBN and SBNT 50/50. This suggests the presence
of two different dispersion mechanisms in the sample. Accord-
ing to the above observation an equivalent circuit, shown in
Fig. 1, could be applied with parameters fitting to the
experimental data. The fitting error was about 1% in whole
temperature and frequency range.

With the use of symbols from Eq. (5), it was possible to
calculate the dc conductivity of the grain interior (Gpc).The
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obtained results were in good agreement with the Arrhenius'
formula, which indicates the thermal activation of the process
(Fig. 7). The presence of two regions with different activation
energies (E,) was observed. In the range of lower temperatures
E, ,=0.78 eV whereas in the range of higher temperatures
E, ;;=0.23 eV. The temperature at which the change in E,
occurred is equal to about Tr=328.5 °C. This temperature has
no correlation with the ferroelectric phase transition tempera-
ture in this material.

The calculated changes of n and A, parameters with
temperature are shown in Fig. 8.

The n parameter exhibits an almost constant behavior with
the decrease of temperature down to Tk. Below Ty the
parameter slightly increases with the decrease of temperature
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Fig. 7. Arrhenius plot of bulk (dc) and ac conductivity at different frequencies.
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Fig. 8. Temperature dependence of the exponent n and prefactor A.

down to T¢c. Below this temperature, the parameter remains
constant. The Ay parameter value decreases with the decrease
of temperature revealing a small anomaly near Tk. Therefore it
can be concluded that the contribution of space charge carriers
is higher in elevated temperatures than in lower ones. This
effect is responsible for the strong low frequency dispersion.

Temperature changes of the grain normalized capacitance
(C,/Cy) are presented in Fig. 9. This characteristic presents a
typical maximum, correlated with the para- to ferroelectric phase
transition. The temperature where the maximum of C,/C,, occurs
remains in agreement with our previous observations [14].

On the basis of all the determined parameters, it was
possible to calculate the contribution of space charge carriers
to the normalized capacitance (C,,,,/Cp) of the sample from the
second part of Eq. (6). The temperature changes of C,,,,/C, for
the chosen frequencies are presented in Fig. 9.

For low frequencies the second part of Eq. (6), responsible
for space charge carriers contribution, becomes dominant at
higher temperatures whereas the contribution from C,/Cy is
almost negligible. Hence the slope of C"/Cy(T) in the log—log
scale is equal to —1 (Fig. 4b).

4.4. Local conductivity measurements

Local conductivity measurements at room temperature
enabled us to obtain the topography (Fig. 10a) and the maps
of local changes in resistivity (Fig. 10b). From the maps of
resistivity, it can be seen that the electrical conductivity of the
samples is highly heterogeneous and its changes by almost two
orders of magnitude was observed. It is noteworthy that the
investigated areas are situated within the grain interior and do
not include the grain boundary which is clear from the
simultaneous topography measurements. The areas of easy
conductivity are not arranged in a regular way thus it can be

2000 —_—
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1 KkHz
—e— 10 kHz
15001, 100 kHz I
& _ 1000 kHz
oo ——Cc/C,
-g
2 1000} 1
Q\)D
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(@]
500 - 1
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Fig. 9. The temperature dependence of grains' normalized capacitance and
charge carrier-induced normalized capacitance for chosen frequencies.
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Fig. 10. Maps of topography (a) and local conductivity (b) changes of the SBT
ceramics.

assumed that the easy conduction paths occur both in Bi,O,
slabs as well as in perovskite layers.

The character of the heterogeneity of electrical conductivity
differs from that observed in SrTiO;, where electrical con-
ductivity appears along the oxygen dislocations. The area of
these heterogeneities is about 2 x 2 nm? [15]. In the case of the
studied ceramics the area of these heterogeneities is markedly
larger, thus suggesting a high concentration of defects i.e. of
oxygen vacancies caused by a different Sr/Bi ratio. Moreover
the concentration regions of such defects do not cause a
coherent diffraction visible in the XRD pattern. Moreover the
local changes in the Sr/Bi ratio must also be smaller than the
EDS analysis error which in our case was equal to about 0.1%.
Hence they could not be detected by this method either.

On the basis of this observation, it can be assumed that the
local character of electrical conductivity will determine the so-
called macroscopic electrical conductivity.

5. Conclusions

On the basis of the above-mentioned analysis as well as our
predictions we were able to choose the electrical equivalent
circuit and construct the theory of easy conduction paths. The
observation made allowed us to assume that in SBT ceramics
easy conduction paths are formed due to cation exchange
between Bi and Sr sub-lattices. Therefore the concentration of
oxygen vacancies may vary, in consequence affecting the
distribution of the relaxation times. This in turn could explain
the significant temperature changes in ac conductivity and
impedance.

Thus, the grain of such ceramics should be treated locally as
a double Bi,O3—SrO system, which in literature is described as
good ionic conductor provided the strontium-to-bismuth ratio

is adequate. The change in the activation energy in the studied
ceramics occurs since in the double Bi,O3;—SrO system the
structural phase transition appears on cooling from the higher
to the lower electrically conducting structure [7,8].

Our work has also allowed us to form one consistent
scenario of electrical conductivity in the studied group of
materials from the Aurivillius' family, i.e. the SBN-SBT solid
solution.
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